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Abstract s Magnetic ferrites which have square hysteresis loops are being 
used as memory elements in high-speed digital computers o The limiting, 
factor in memory reliability is the noise generated by the magnetic cores 
which are sabjected to field excitations of amplitude insufficient to 
cause a reversal of magnetization o The occurrence of such excitations 
(half-airplitude pulses) at any given core in almost any possible sequence 
is inherent in the two-to-one coincident -current method of register selec- 
tion* The noise voltage induced by a magnetic core when excited by a 
half -amplitude pulse ( H /2 | can be expressed as e(t) co p,. dH/dt 4^ Q 
where (jl is the incremental permeability for AH = H /2 from remanence 
and Q is an irreversible contribution which is shown to be negligible in 
all cases of interest* The region of validity of the above equation is 
discussed with reference to particular ferrite materials,, The incremen- 
tal permeability is shown to depend both on the direction (relative to 
the remanent state) of the applied pulse and on the sequence of excita- 
tion since the most recent magnetization reversal « Of particular 
importance to the matrix -noise problem is the difference between P-a^^ the 
incremental permeability for an excitation in the demagnetizing direction^ 
and p, g for an excitation in the magnetizing directiono The contribu- 
tions to {x. from rotation 5 domain -wall motion^ and reverse-domain nuclea- 
tion and tne mechanism responsible for the permeability difference^ 
(|jL. ■=■ \i. ) are discus sedo Also data are presented on the dependence of 
the ""various noise voltages on the airplitude and waveform of the pulse 
excitations o The meaning of these data with regard to the noise problem 
is discussed o 
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tH£ NOISE PROBLEM IN THE COINCIDENT -CUEKMF 
MEMCET MATRIX t 

James Bo Childress 
liineolti ^boj Masso Inst« of Technology 

Magnetic ferrites which have square hystere- 
sis loops are being msed as ffiemory elements in 
high'»speed digital computerso The limiting fac- 
tor in memory reliability is the noise generated 
by the magnetic cores which are subjected to 
field excitations of anplitude insufficient to 
cause a reversal of magnetizationo The occur- 
rence of such excitations (half -amplitude pulses) 
at ai^ given core in almost aziy possible sequence 
is inherent in the two-to-one coincident-current 
method of register selection^ The noise voltage 
induced by a magnetic core vhen excited by a 
half«^uBiplitude pulse lH^2l can be eat^iressed as 

e{t)<«|i^ _m_^ Q 

where p,. is the incremental permeability for 

AH <tt H /2 from remanence and (| is an irreversi«» 
>le c<#bribution which is shown to be negligible 
in all cases of interest « The region of validity 
of the above equation is discussed with reference 
to particular ferrite materials » The inoremsn«» 
tal permeability is shoim to depend both on the 
direction (relative to the remanent state) of 
the applied pulse and on the sequence of excitn- 
tion since the most recent magnetization rever* 
8al# Of particular importance to the matrix* 
noise problem is the difference between {i.^^ the 

incremental permeability for an excitation in 
the demagnetizing direction^ and p,^^ for sn 

exxsitation in the magnetizing direction » The 
contributions to |jl. from rotation^ domain-wall 

motion^ and reverse ^domain nueleation and the 
mechanism responsible for the permeability 
difference^ (ji.^ - jIa . ) are discussed^ Also 

data are presented on the dependence of the 
various noise voltages on the amplitude and wave- 
form of the pulse excitations^ The meaning of 
these data with regard to the noise problem is 
discussed^ 



f The research in ikis document was supported 
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lo INTRODUCTION 

Magnetic ferrites which have squar« %t79t9re« 
sis loops are being used as memory elenieiitB lii 
high-speed digital conpiiterso*^ lif orinatio|;t 
coded in binary numbers is stored one digit per 
Corel the direction of remanent magnetization of 
the core determines whether the digit stored is 
a binary ONE or ZERO^ Figo 2o In the two-to-one 
selection coincident-current memory, the non- 
linearity or squareness of the hysteresis loop 
is utilized in the register-selection operation 
of the memoryo The cores are arranged as 
elements of a matrix | each core has a row- and 
a column-^coordinate wire passing through its 
center o & particular core is selected by the 
simultaneous application of equal current pulses, 
called half -^amplitude pulses^ on its row and 
column wires I the coincident magnetic field at 
the selected core is sufficient to cause a 
complete induction reversal^ The cores which 
have the same row or column coordinate as the 
selected core receive half-a^litude excitations 
and are called ^half^selected**© Because of the 
squareness of the hysteresis loop of the core 
material^, the half«amplitmde pulses cause rela- 
tively little change of induction in the half — 
selected cores | but in a large matrix^ the total 
of these half -select induction changes can be 
appreciable with respect to the induction change 
of the selected core© 

The induction changes of all the cores in 
the matrix induce voltages on the sense winding, 
a wire which links all the cores in the matrix^ 
The original i*efflanent state of the selected core 
is determined from the sense signalf the half- 
select signals^ which tend to obscure the signal 
from the selected core^ may be characterized as 
noise o 

The total noise in the system limits the 
over-all reliability of the memory© Although 
other types of noise are iaportant in practical 
design, the noise from the half -select signals 
is Bitterial dependent and, therefore, df funda- 
mental interest in the evaluation of magnetic 
materials for memory applications© 



1© WoNd i*apian, Froc^ Jli^em Joint Computer 

Conference, pp© 37«it2, December, 1953 
2o JoW© Forrester, J© j^pl© Phys©, 22, W* (1951) 



The object of this paper is to show the 
dependence of the half c^select signals upon the 
iiiagnetic«f ield excitations and to relate this 
dependence to the parameters of the magnetic 
Biaterialo 



Il6 THEQKI 

£jB will be shown from e^^periment^ a half* 
select Yoltage e(t) can be expressed as 



e(t)oe|i^ ^ 4>. Q 



where Q is an irreversible contribution and |t^ 

is the incremental permeability for a half *» 
anplitude field |H^/2| applied from remaneneei^ 

The f ield H is the maxlraam field aurolitude for 
m 

the hysteresis loop of maximam squareness* For 
a field pulse defined as positive in the mag- 
netising direction^ the incremental permeabili'^ 
is P'A^f for a pulse in the negative or demag- 

netissing direction^ ^a^*^ The difference^ 

^ " I^Ac» ~ ^A*i ^ is ii^ortant to the memory- 

noise problem because the sense winding links 
all the cores in the matrix such that the half- 
select voltages tend to cancels For perfect 
uniformity of the memory cores 5, the maximam 
error of cancellation per pair of cores depends 
on So The incremental permeability is con- 
sidered experimentally to have both a reversible 
and an irreversible part such that |t. depends 

upon the aiaplitude of the field pulse and the 
excitation sequence since the most recent msig* 
hetizatibn reversal o The f actc^ g is introduised 
to acc^anfc for the devia't^ion ^i^sR t^ dH/dt 
relatione 

il mo^lg essentially the mam m l^at used 
by Goodenou^^ is the baei^ fe^ eftl©u3jEtij|g the 
incrementai permeability at remanencoo Consider 
a unit volume t of a domain whose direction of 
magnetisation is at an angle with respect to 
the direction of net magnetization o Assume that 
the unit volume contains fractional volumes v 
and v« (averaged for the total saiqple at the 
square-loop remanence) of reverse and closure 
domains^ respeetivelyo. The induction per unit 
volume in the direction of net magnetization is 
thus 

>odenough^ Physo Revo 95^917 (1951*) 



(2) B^ » B„ {1<-v''-2t) cos© 



•where B^is the sattiration induction of the 

loaterialo For an axially synasietric material 

irith lanif orm angular distribution from © « to 

© » ©' the net induction at remanence on the 
w 

hysteresis loop of maximum squareness is 



C3) Bj. » Bg (l-v»-2v) (l4hcos©J/2 o 

Goodenough^ has shown that the magnetic 
field necessary to cause closure domains to growr 
is large with respect to the coercive force of 
the material^ Since the fields here are less 
than the coercive force ^ v** is assumed to be 
constant o 

Induction changes occur by (1) the rotation 

of domain directions ©f magnetization^ (2) the 

growth of existent reverse domains^, and (3} the 

nucleation and growth of reverse domainso JTith 

reference to Sqo 3^ the first mechanism causes 

a variation of & and the second and third 
m 

mechanisms cause a variation of Vo 

The incremental permeability per unit 
volume for a field increment M from remanence is 



Bg 



Bg 
kff ' ov 
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-where the fractional voluiae v is assumed to con« 
sist of a nu2(iber of ellipsoidal i*everse . domains 
of average radius r and an eccentricity 

■y 1 " A o The first term on the right is the 
incremental permeability due to the rotation of 
the domain directions of magnetisation through 
an angle i&i the second term is due to the 
growth of the reverse domains by an average 
radial increment Ar^ X assumed constants Both 
these processes are considered as completely 
reversibleo The irreversible part of the incre« 
mental permeability can be es^lained by varia«^ 
tions in the number of reverse domains 



enucleation) and in r o Such Tariations would 

cause corresponding changes in y and |j.. o 

However^ for field an^litudes SBialler tlian the 
field Talue at the knee of the square hysteresis 
loop^ there should l?e little nucleation or irre- 
versible growth of reverse domains *3 

It is observed e3Q}erimentally that the first 
field pulse in a direction opposite to the 
previous pulses causes a sieasurable irreversible 
change I succeeding pulses in the same direction 
cause only reversible changes^ Because of the 
difficulty in calculating the irreversible part, 
only the theory of the reversible part of the 
incremental permeability is considered* 

Xo Incremental Permeability Me to Rotation 

The angle of rctation A& is determined by 
the variation of the magnetic and anisotrppy 
energy density* J*or small values of A&^ 

m ~ K^^(A6)^ « CAH)lgCos(a * i^)^ 

wheare K ^^ is the effective anisotropy and © is 

the original angle between the magnetization 
direction and the direction of the applied 
field© The minimization of AS with respect to 
A^ gives 

C$) A© « ^usinO/Cl '•^ iicos©)^ 
where « « im)B^/8n T^^^^ 

Substituting Bq© (5) into the first term of 
Eq^ei^) and averaging over the angular distribu- 
tion^ we obtain the incremental permeability at 
remanence due to rotation 

<^^ <f i^rot ' -W- *{t< 2-«°'*„-<»o«\) 

. I., 1 



% (l-COS©'^) 
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where higher»order terms in e and the harmonic 
value of Q> < m/2 in are neglected© The 

difference (|1a " P-a^) ^s given from jSq* (6) as 



(7) ( i \^ » j^ -f- (l!cosfe^ ) 



The substitution into Bq* {?) of the 

3 
reasonable valud^s — B ■ 3 x 10"^ gauss^ 

^eff" ergSKjm"^^ &^ « h^^s and AH - 0^5 

oersted «- gives (P'^)^.^^'^ 1* ( <^ ^rot^ ^^"^ • 

These values are two orders of loagnitude smaller 
than the values obtained from the d-c hysteresis 
loop and from pulse experiment s^ Therefore, we 
conclude that the rotation of domain directions 
of magnetisation cannot account for the magni-^ 
tude of the incremental permeability at remanence* 

itccording to Eq<, (6)^ a decrease in K «» 
tends to increase (Xa I however^ a lower value of 
^eff 5^®^*s ^ better alignment (by the internal 

field) of the directions of magnetization e The 

resultant decrease in would cause a decrease 

, m. ■ ■ ■ 

iii jt.*,; It is esspected that the rotation 
mechanism could yield a large value of p,, only 
for materials with very low effective anisotropy • 

To justify the assuiqptton that © ik constant, 

we substitute the numerical values into lq« (5) 
and find the maximum ^ as A® ^ <»1® ♦ 

Since this value is negligible^ the maximum angle 
ft of the angular distribution is not changed 

appreciably by fields smaller than the coercive 
force© 

B o Incremental Permeability Due 
to Bomain Groirth 

Ellipsoidal domains of reverse magnetiia- 
tion are assumed to exist at crystal imperfec- 
tions: in the materials Possible sites for the 
nucleation of such domains are grain boundaries, 
inclusions, etc o These domains are assumed to 
have an average radius r in sero external field 

and an eccentricity i 1 -A where A<s«i and 
is assumed constant <» Only the reversible part 
of the incremental permeability will be calcu- 
lated I hence r is assumed to be constant » 

■ , o 

The total energy associated with a reverse 
domain in an external field H is 



{8) E « E^ # B„ * E, ♦ S^, 
m w d p 



where the magnetic energ7 is E^ « 2 H«I_ Y> the 
domain- wall energy is IL « *^tAj^ *^^ '''^^ demag- 
netiaation energy is E, » 2NI^V» In the above 
energy teims^ a is the doraain«wall energy per 
unit area I the deisagnetization constant for an 
ellipsoid is N « hn l^[}M2/% ) • l] | and 

V » \mr/3\^±a the yolume of the ellipsoid with 

2 2 
surface area Jt_ « fi r /A « The saturation 

raagnetijjation I may be expressed in terms of 

saturation induction B^ as B An* 

s s 

The energy term E represents the magnetic- 

pole -"distribut ion energy gained by the introduce 
tion of reverse domains o Assuming EL to depend 

on the cross<-sectional area of the reverse 

2 
domain^ we take EL « - pr where p is independent 

of ro^ A more exact calculation' shows E. to have 

a term in r with a coefficient small coapared 
to p» However^ the eaqjression used here f or E. 

is STifficiently accurate Cor an order of magni- 
tude calculation^ 

By minimizing the total domain energy with 
respect to r, we obtain the equilibrium value 
of r f or an applied field H^ 

^p - n or 

(9) r « ^ 



iui(H*Ig ♦ HI^) 



Equation (9) shows clearly the importance 
of E_| reverse domains exist at remanence only 
P 2 -. -V 

if p >« or/ j^ e This means that the energy 

gain from the reduction of the surface-pole- 
distribution energy must be greater than the 
energy required to form the walls of the reverse 
domaino 

For H « 0^ r « r and p may be expressed in 
terras of r | then^ 



O' 



(10) 
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For the domain lying at an angle # with respect 
to the external field and for AH applied from 
remanence^ the resultant change in radius Is 

(U) Ar.-r^|2*_g , 
„ _ Itii(AH) 

Substitution of Sqo (11) into the second term of 
Iqe (b) and averaging over the angular distribu«» 
t ion give s the incremental permeability at 
remanence due to domain groirbh^ 

V ffl 



IE. 



(1-C08^) f ^ 



■Mhere higher order terms in p are neglectedo 
From Eq« (12)9 

<i*cosd*cos 0L*cos^^). 
m m m 

Taking v;^ (B_«-B^)/2B„ Jir 1/6, AH • 1 oersted, 
Q s r s ^ 

B - 2 X lO-' gauss, • li5®i and A- 1/30, we 

s m * 

find <ii.), ?« 200 and { S' ) , «tf lOO* Bstperi- 
An^'dog ^ 'dog * ^^^ 

mental values ^e |i . » 50 — 500 and > « lO-aiDO* 

iB view of the 8iii|)lifying assumptions made, the 
order-of -magnitude agreement is good* Therefore, 
it appears that the incremental permeability at 
remanence is primarily due to the growth of 
reverse domains o 



IVft tSStB3XMES ADD IXESCtJl^COlIS 

Bilse measurements have been made of the 
incremental permeability at remanence as a 
function of (1) the magnetic-field-'pulse wave^ 
form and (2) the sequence of excitations « 



A« Definitions 

Definitions of the parajneters of the piilse 
measurements are given in Fig« 1» Fig» 2 shows 
the method of information storage (discussed in 
Section X) and defines the terms used in this 
application© 

Fig© 1 goes here 
Figo 1© Definitions of Pulse Measurements 
Figb 2© goes here 



Fig© 2© 3fcorage of Binary Information in a 
Magnetic Core 



During the EEiU) operation, a field piilse 

♦H is applied to the selected cores If the core 

m . ■ ■ 

were in the ONE state ^ the resultant change of 
induction is relatively large and induces a 
large voltage on the sense windingi if the core 
were in the ZKEO state^ the induction change and 
induced voltage are small* The half -selected 
cores are excited by a field pulse ♦H_/2, and 

the sum of their induction changes induces a 
noise voltage N(t) on the sense -winding* This 
noise voltage has been escpressed by Freeman** in 
terras of the peak signal voltages* His expres- 
sion can be written in the form of Eg* (1) as 



(Ik) m) (KV'^ff ^Mi 



where^ as will be shown later, the irreversible 
term Q may be neglected in a practical memory, 
and the effective incremental permeability may 
be defined in terms of the parameters fiv, 5 , 
and y as 



<^) »^eff " 2ti^ * <y -2> ^ 



The parameter # is the dimension, or number of 
rows, in the square memory matrix* It is 
assumed that th^re is perfect uiiif ormity of the 



lu Jo H* Freeman, JProc© i*RoE« Wescon Computer 
Sessions, ppo 50*^f August, 1951^* 



IS) 

cores in the matrix and that the sense winding 
links the cores diagonally through the matrix 
so as to achieve noise -signal cancellation 
between the diagonal rows* For |i. » IQO, d « 50, 

and n « Sk^ M- a f * * 3300, an appreciable value* 

It can be seen from these values and Eq» (15) 
that the material-dependent contributions to the 
matrix noise is of great inportanee in large 
matrices o 

Information is extracted from the memory 
only during the HMD operation! therefore only 
the half«select signals caused by half<-aiiiplltude 
EliftD pulses contribute to the nolse« Ssqperi* 
mentally it is f otrnd that these signals depend 
upon the remanent state of the core as determined 
only by (1) the digit stored and (2) the nature 
of the previous pulse « If Freeman's nomenclature 
for voltage signals is usedjj the letters Vh 
indicate that the voltage signal is caused by 
the application of a half «REAB (♦H /2) pulse^ 

it lower«case letter preceding the 7h indicates 
whether the previous pulse was the full pulse 
which determines the digit stored, a half - 
amplitude WRITE pulse («H /2)^ or a half « 

amplitude BEAD pulse (4^h/2)| these are indicated 

by u, w^ and r, respectively ♦ Finally the letter 
z or the number 1 following Vh indicate whether 
the digit stored is a M&Q or a DN£« 

For exaK|>le, wVhz means the output signal 
from a half -select READ pulse applied to a core 
which contains a 2ER0 and was last subject to a 
half --^amplitude %?R:)^E pulse, or from Fig » 2, the 
signal from a core previously driven by a half - 
amplitude pulse iti the demagnetising direction 
but now driven by a half -amplitude pulse in the 
magnetizing direction^ 

B^ ^tperimental Materials 

The pulse measurements have been taken on 
two f errite materials? Ferramic S-1 made by 
General Ceramics and a material (identified as 
the DCL f errite 3 prepared at Mncoln laboratory* 
These two were chosen because they are being 
used in the coinGident«==eurrent memory applica** 
tioni they cois^jare as shown in Table I • 
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Table I: Comparative Properties of Tm> Memory* 
Core Ferriteo 



S-a( 1-53 f DGL(2-^S3HR-4]r 

CoBiposition as 
fired (mole pereent)^ 
FegO^ k^ 

MgO 38 

HaO 22 

Saimration iiicbictio% 
B^Cga-oss) ^2000 -2200 

H^aanent imdixetiom on 
^e loop oC maxiia^ 
scpareaess^ B_(gatiss)-130O -a80© 

Sqxtareaes^ ratio> H^ 0*82 0*66 

s . 

H (oersted) ^ lA '^l.t 

G 

H/oersted) -'2 -^2 

m 



*Ideiitijb.catipii JiQii4>er8 of the lots from whicii 

samples were talieii* ^ , 

/«^e sgnareiiess ratio Is defined with refer^ce 

to Jig* 1 as 1L* B^/B^# 

8 m 

l&e two materials are fou^ to similar; 
this is not stirprising since the two have approxi- 
mately the same conp)sition* However, the BGli 
ferrite has a sigoif icantly hi^ier remanent in-» 
daction on tiie hysteresis loop of maximum square^ 
ness« On the hasis of the theory developed in 
Section H^ this difference is expected to give 
a similar difference in the fractional voltsne of 
reverse domains and to predict the relative 
properties in -fehle H* The experimental valnes 
are ft^ ^ * 25 and cr< 1© for the iCL ferrite and 

^ A • * ^ and S « 22 for Ferraraic S-^* !lfeese 

reMLts are* in agreement irith 1^ theoretical 
predictions* 
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Table Us Rredicted Hela^fcive I*p0perties of 
Two Membrj^ore Feopiltes 

DGL S^ 

Piinctidaal rolxam of reirerm 

dDmaiii»> r larger 

Haromental penaeabililgr at 

reBianenee> ji^i larger 

^ * I^A- " ^A+t larger 

Scpareness ratio^ R^ larger 



Figa 3 goes here 



Fig» 3* Reversible Yoltage Signal 

(a) Fi^d Pulse 

(b) Toltage Signal 



(ji, 'Bob Tiim Mpmdence of the 
Ealf-Seleet Signals 

Flgtare 3 ahoirs a balf^seleet signal ishieh 
is taksen f or a large ntoober of ptiLses in t^ 
loagnetizing direction aoad tims is completeiy 
reversible » The applied^field p^ses have a 
rise time less than 7x1©^ second a&d a peak 
ampliiude approximatelsr one oersted. Ihe rise 
tirae of the oscilloscope used is about 7 x 10^^ 
second* 

The voltage signal (b) is shown stgjeriaposed 
on the field pulse waveform (a)# loth are seen 
to ris% as rapidly as the oscilloscope could 
f oHosrl i^en dl/dt ^ % the voltage signal falls 
with ffie saiae rapidit^ri Th63?e is no long *tai^ 
eorrespondimg to a relatively slow indacttat 
ctoage* On the actual photography the "ring'* 
following tlie initial pulse is seen to be 
related to the ripplfe on the field pulses 

Hg* k goes here 



Hg* k* Reversible Halfi-Select Signal Peak 
A2!5)litude vs Field Pulse Rise Time 



23 



From Eq. (1)^ the pealc anrplitude or the 
halfHselect signal can be expressed in volts as 

(1 8 ) e(t)p ^p.^ (A X 10-^) E^/x^ 

where Q is neglected^ A is the cross-sfectional 
area of the core in squai* centimeters, and ^ 

andT are the peak asmlitade in oersteds and 

r 

rise time in seconds^ respectlvely> of the field 
poUe. ng. fo *ich is a plot of e(t)p v. l/r^ 

shows that Eq» (l») is valid for reversible half* 
select signals where t^< Oil microsecond and 

as the field valiie at the knee of the. sqiaare 
hysteresis loop* For fHpl< l^^^^asx^ * ®*^ 

field poise in the demagnetizing direction caiises 
an irreversible indaetioa changej a long series 
of such pulses caoses an almost coii^lete induction 
reversal and thns destroys the information stored 
by the core* 

Fig* $, goes here 



Fig* ?* Half-6eleet Signals (a) ZERO (b) OHl 
(Freeman) 



Figijre 5 shows the lialfHS^elect signals 
llipdrtalii' to the study of memory*<jore pulse 
resp«5nse'*r Mb pulse sequences by which these 
signall* are obtained sote shown in the insets of 
51gs. 6 and ?• In' the insets> the large pulsejs 
are fuHl amplitudei the ismall> lialf«<*a{riplitude| 
the HEAB direction is iq)| WRITEt down. TbB 
arrow indicates the pulse at which the signal is 
obserTfed* The amplitade and rise time of the 
Mlf^-ia^litiide field pulse are appr03cimately ' 
&m oerited and Oi^E micKPOsexsond^ respectively!; 
the riie time of the osciUoscc^ is about 0*03 
microse<tiond« 

!I!he rlhl slgiial is completely reversible! 
the small tail is tsansed by the shape (dH/dt) 
of the field pulse* By cosi>aring the other 
signals to rVhl> we see* that only the utbl 
has an appreciable tail« However^ the nVbl is 
relatively unimportant to tfee maiiis nc^ise 
problem. "M the memox^ aJ^IXi operatiom 
aluays follows the BMi operation so that only 



3lt 



the cDre beiag seleeted can be Ib the virgdu ONE 
state* IhetSopef oitLy one uWL signal at most 
can occur daring any BEAB opera tion# 



Fig* 6 goes here 



Hg. 6« Increiiental Permeability at Remanence 
vs FieXd-M.se ©aration i£r<m OHB 
signals) 



Fig# 7 goes here 



Fig. 7 liioreBiental Permeabili-ty at Bemanence 
TS Field^-^Hjlse Bnration (from ZBEO 
signals) 



B, Experimental Stndy of the Incremental 
Permeability at Remanence 

The incremental permeabilities corresponding 
to the half •-select signals f^m Mihldh. they are 
calculated are shoim in Figs« 6 and 7 as functions 
cf "^ fi •" "^j. •* ^f > *^® ■'J^J^ interval during which 

the field azrrplitade is equal to or greater than 
ninety percent of the peak val-ue^ see Fig* 1* 
jQie data* are areraged from measurements taken at 
1 1^1 « 1*8 oersted andjiy'a/ « 0.9 oersted, and 

for three values of rise tdme# t « 0*2, 0#5, and 
0»8 microsecondtt 

The increxnental permeabilities at remanence 

increase as r > •* T^ ** t^ decrease* 3he switch 
a r X 

%ism t. and peak tame r (defined in Fig» 2.) are 

Fig<« 6» Ihese variations are eacplained as 

foHoirss As Y , - tT * t^ becomes less ihan the 
a r X 

s»it«sh time (asymptotic value )i the da3?ation of 

the peak amplitiid^ of the driving field is less 

than the time necessary for the magnetization t© 

traverse the hysteresis loop of maxiiaum square^^ 

ness» therefore! the magnetization follcrtis 

smaller and less st'ti^^ hysteiresis lo£)ps as the 

peak«€ield duration decreases^ 

Figl 8 goes here 

Jig. 8*- Switch Time Md^i^ 

Piilse Duration (Ferramie S«»l Ma^ 
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For iitese hysterQiis Xoopi of (leorQasing iGpnire^ 
nejss^'' t^e incremental per^al>£iities~''^t v&som" 
nence are expected to Ijftcreasdfljerwsey the de«» 
pendence on T - z'^*^ r^ ohowa in I^g* 6 and 7* 

Since Ecpi* (12) and (33 ) »3iow ji^ and S t© 

liaire approsiinately the same dep^ndsnee on para«« 
siet^s of Oke magnetie materiil^ / 1b ecspeoled 
to vary irfili r^p z^ ^ a» d^e* p,^ * Etgure ^ 

8ho«» ae i*«dlftted depemdtecy of / to r^- r^T^ 

ilg* ^ go^is here 
Fig.9» Delta rs Fiel4«Palde Duration 

Xn Hgs* 6 and 7^ ft^Lrhl] and p.^[.r^] 

correspond approximately to jt ^ ^ and M- ^ ^^ 

respectivBlyw Because the total ptilse sequence 
is different for ii^ti^hll and ^^t^^hzj^ they 

are laeastired at slightly different resament 
states which implies a difference in y^ the 
fraction rolxEm of reverse domains in Bq* (12 )♦ 
SiQce the -wVhl signal has a small irreversible 
part^ <f as shown in Fig* 9 is the maxiJttaa *delta*» 
oceorring in the matrix and shotild be larger than 
the theoretical S obtained in Section II» 

Note that the incremental permeabilities at 
remanence, <f , t » and t all reach their asymp* 

to tic values at a field^tslse peak duration 
V V ''f • *PP«»dmteaT equal to the aaymptotio 

value of 'f,* This observation is reasonably 

s 

valid for all T <'? * For slow-risewfcime field 
r p 

pixlseSf the departures of Ihe above parameters 

from their as3n:i$}totic values are less abrupt^ 

jEhe dependence of the incremental permea** 
bin ty upon the sequence of excitations has been 
discussed with reference to Flgs» 5i ^s and 7* 
In Fig« 10^ the incremental permeabilities ix^ ^ 

and |t ^ ^ are plotted versus n, the number of 

field pulses applied in the demagnetizing direc- 
tion previous to the measureaient* Ihe field 
aarplitudes were IH- 1 « ]L*9 oersteds and 

1 - IL/2 I ^ 0*96 oersteds* ji^ ^ 1» the completely 

reveirsible (for n > 1) incremental peimeability 
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Fig« 10 goes here 



Flgo 10 o Increiaental Permeability at Reiiianence 
Ts NiuBber of Half-Arrf)litude Demagneti- 
zation Field Pulses 



for pTilses applied in the demagnetising direc- 
tioni |i^ ^ which corresponds to p,Aigh%2 , is 

measured on the first poise applied in the 
magnetising direction after n piilses in the de- 
magnetising direction and thus has an irrevers- 
ible parto The incremental permeability for the 
second pmlse in the magnetising direction is 
completely reversible and corresponds to jjt.^* 

Note that for n greater than one^ ji.^ and li^T- 

reach eqaHibrium TaloeSo 

Figure 11 shows the dependence of p.. and 

pt.^ upon the field-pulse amplitude « Only the 

aaplitude of the field pulse for which the 
measurement is made is Taried| thus all measure ?- 
ments are taken on the same square hysteresis 
loopb The data show that as AH increases^ the 
incremental permeability increases^ The rate 
of increase is less than linear and indicates 
the existence of the second-order term in Eqe(12)* 

Figo 11 goes here 



Fig o lie Incremental Permeability at Eemanence 
Ts Field-Pulse jbnplitude 



IV GcaicLusroN 

The theory of the incremental permeability 
at remanence as developed in Section H is in 
reasonable agreement with the experiments re- 
ported in Section IH^ The mechanism of growth 
of ellipsoidal reverse domains seems to be 
primarily responsible for the incremental penaea- 
bility of materials which have large effective 
anisotropieso 

The half -select voltages are shown in 
Section HI to be proportional to |t,dH/dt| hence, 

the material-dependent contribution to memory- 



matrix noise can be reduced by decreasing \i. and 

r « According to the theory of Section H^ such 
a decrease can be achieved by a reduction of the 
fractional Toltnae of reverse donaainsi this 
results in an increase in the B /B ratio, 

vhere B^ is the reioanence of the Baximtm square*- 

ness loop<» 
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